T he successful duplication of genomic DNA during S phase is essential for the proper transmission of genetic information to the next generation of cells. Perturbation of normal DNA replication by extrinsic stimuli or intrinsic stress can result in stalled replication forks, ultimately leading to abnormal chromatin structures and activation of the DNA damage response. On formation of stalled replication forks, many DNA repair and recombination pathway proteins are recruited to resolve the stalled fork and resume proper DNA synthesis. Initiation of replication at sites of stalled forks differs from traditional replication and, therefore, requires specialized proteins to reactivate DNA synthesis. In this issue of EMBO reports, Wan et al [1] introduce human primasepolymerase 1 (hPrimpol1)/CCDC111, a novel factor that is essential for the restart of stalled replication forks. This article is the first, to our knowledge, to ascertain the function of human Primpol enzymes, which were originally identified as members of the archaeao-eukaryotic primase (AEP) family [2] .
Single-stranded DNA (ssDNA) forms at stalled replication forks because of un coupling of the DNA helicase from the polymerase, and is coated by replication protein A (RPA) for stabilization and recruitment of proteins involved in DNA repair and restart of replication. To identify novel factors playing important roles in the resolution of stalled replication forks, Wan and colleagues [1] used mass spectrometry to identify RPA-binding partners. Among the proteins identified were those already known to be located at replication forks, including SMARCAL1/HARP, BLM and TIMELESS. In addition they found a novel interactor, the 560aa protein CCDC111. This protein interacts with the carboxyl terminus of RPA1 through its own C-terminal region, and localizes with RPA foci in cells after hydroxyurea or DNA damage induced by ionizing irradiation. Owing to the presence of AEP and zinc-ribbon-like domains at the amino-terminal and C-terminal regions, respectively [2] , CCDC111 was predicted to have both primase and polymerase enzymatic activities, which was confirmed with in vitro assays, leading to the name hPrimpol1 for this unique enzyme.
The most outstanding discovery in this article is that hPrimpol1 is required for the restart of DNA synthesis from a stalled replication fork (Fig 1) . With use of a single DNA fibre assay, knock down of hPrimpol1 had no effect on normal replication-fork progression or the firing of new origins in the presence of replication stress. After removal of replication stress, however, the restart of stalled forks was significantly impaired. Furthermore, the authors observed that hPrimpol1 depletion enhanced the toxicity of replication stress to human cells. Together, these data suggest that hPrimpol1 is a novel guardian protein that ensures the proper re-initiation of DNA replication by control of the repriming and repolymerization of newly synthesized DNA.
Eukaryotic DNA replication is initiated at specific sites, called origins, through the help of various proteins, including ORC, CDC6, CDT1 and the MCM helicase complex [3] . On unwinding of the parental duplexed DNA, lagging strand ssDNA is coated by the RPA complex and used as a template for newly synthesized daughter DNA. DNA primase, a type of RNA polymerase, catalyses short RNA primers on the RPA-coated ssDNA that facilitate further DNA synthesis by DNA polymerase. While the use of a short RNA primer is upfront hot of f the press occasionally necessary to restart leadingstrand replication, such as in the case of a stalled DNA polymerase, it is primarily utilized in lagging-strand synthesis for the continuous production of Okazaki fragments. The lagging-strand DNA polymerase must efficiently coordinate its action with DNA primase and other replication factors, including DNA helicase and RPA [4] . Cooperation between DNA polymerase and primase is disturbed after DNA damage, ultimately resulting in the collapse of stalled replication forks. Until now, it was believed that DNA primase and DNA polymerase performed separate and catalytically unique functions in replication-fork progression in human cells, but this report provides the first example, to our knowledge, of a single enzyme performing both primase and polymerase functions to restart DNA synthesis at stalled replication forks after DNA damage (Fig 1) .
A stalled replication fork, if not properly resolved, can be extremely detrimental to a cell, causing permanent cell-cycle arrest and, ultimately, death. Therefore, eukaryotic cells have developed many pathways for the identification, repair and restart of stalled forks [5] . RPA recognizes ssDNA at stalled forks and activates the intra-S-phase checkpoint pathway, which involves various signalling proteins, including ATR, ATRIP and CHK1 [6] . This checkpoint pathway halts cell-cycle progression until the stalled forks are properly repaired and restarted. Compared with the recognition and repair of stalled forks, the mechanism of fork restart is relatively elusive. Studies have, however, begun to shed light on this process. For instance, RPA-directed SMARCAL1 has been discovered to be important for restart of DNA replication in bacteria and humans [7] . Together with the identification of hPrimpol1, these findings have helped to expand the knowledge of the mechanism of restarting DNA replication. Furthermore, both reports raise many questions regarding the cooperative mechanism of hPrimpol1 and SMARCAL1 with RPA at stalled forks to ensure genomic stability and proper fork restart [7] .
First, these findings raise the question of why cells need the specialized hPrimpol1 to restart DNA replication at stalled forks rather than using the already present DNA primase and polymerase. One possibility is that other DNA polymerases are functionally inhibited due to the response of the cell to DNA damage. Although the cells are ready to restart replication, the impaired polymerases might require additional time to recover after DNA damage, necessitating the use of hPrimpol1. In support of this idea, we found that the p12 subunit of DNA polymerase δ is degraded by CRL4 CDT2 E3 ligase after ultraviolet damage [8] . As a result, alternative polymerases, such as hPrimpol1, could compensate for temporarily non-functioning traditional polymerases. A second explanation is that the polymerase and helicase uncoupling after stalling of a fork results in long stretches of ssDNA that are coated with RPA. To restart DNA synthesis, cells must quickly reprime and polymerize large stretches of ssDNA to prevent renewed fork collapse. By its constant interaction with RPA1, hPrimpol1 is present on the ssDNA and can rapidly synthesize the new strand of DNA after the recovery of stalled forks. Third, the authors found that the association of hPrimpol1 with RPA1 is independent of its functional AEP and zinc-ribbon-like domains and occurs in the absence of DNA damage. These results might indicate a role for hPrimpol1 in normal replication fork progression, but further work is necessary to determine whether that is true.
Several questions remain. First, what is the fidelity of the polymerase activity? Other specialized polymerases that act at DNA damage sites sometimes have the ability to misincorporate a nucleotide across from a site of damage, for example pol-eta and -zeta [9] . It will be interesting to know whether hPrimpol1 is a highfidelity polymerase or an error-prone polymerase. Second, is the polymerase only brought into action after fork stalling? If hPrimpol1 is an error-prone polymerase, one could envision other types of DNA damage that can be bypassed by hPrimpol1. Third, is the primase selective for ribonucleotides, or can it also incorporate deoxynucleotides? The requirement of the same domain-AEP-for primase and polymerase activities raises the possibility that NTPs or dNTPs could be used for primase or polymerase activities.
The discovery of hPrimpol1 is also important in an evolutionary context. In 2003, an enzyme with catalytic activities like that of hPrimpol1 was discovered in a thermophilic archeaon and in Grampositive bacteria [10] . This protein had several catalytic activities in vitro, including ATPase, primase and polymerase. In contrast to these Primpol enzymes, those capable of primase and polymerase functions had not been found in higher eukaryotes, which suggested that evolutionary pressures forced a split of these dualfunction enzymes. Huang et al's report suggests, however, that human cells do in fact retain enzymes similar to Primpol. In summary, the role of hPrimpol1 at stalled forks broadens our knowledge of the restart of DNA replication in human cells after fork stalling, allowing for proper duplication of genomic DNA, and provides insight into the evolution of primases in eukaryotes.
